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Abstract
Terahertz (THz) technology is receiving a wide interest nowadays, developing more
researches worldwide to emerge new devices based on the THz regime and
overcoming the challenge of the remarkable THz-gap. This thesis is concerned with
studying and developing new emerging materials with new structures in terms of
THz waves. The main objective of this thesis is to examine how the MoS2 material in
nanoribbons structure detect and emit THz waves theoretically and experimentally in
contrast to Graphene nanoribbon material. The theoretical model was used alongside
the experimental setup to fully understand the behavior of the materials and to have a
wider look at their structures. The theoretical calculations were introduced by
applying two equations for ungated and gated materials, to study the different
structures of the nanoribbon materials and their response to THz waves in terms of
plasmon dispersion. The study showed that MoS2 has descent THz properties in
terms of plasmon dispersion, which confirms the potential of such material in THz
applications. However, the Graphene material shows better properties and higher
frequency values due to its zero bandgap and higher carrier mobility. The study also
investigated the different response of these materials to THz waves experimentally.
First, an investigation of the obtained materials using the Raman Spectroscopy was
conducted. Then, the materials were investigated using the Attenuated Total
Reflectance (ATR) to measure the plasmon frequency dispersion.

Keywords: Terahertz (THz) waves, Graphene, Molybdenum disulphide (MoS2),
nanoribbons, plasmon dispersion, plasmon dispersion decay, Raman Spectroscopy.
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)Title and Abstract (in Arabic

دراسة بث و كشف اشعاعات التيراهيرتز باستعمال ثنائي مولبدنوم ديسولفايد
الملخص

تحظى تقنية التيراهيرتز( )THzباهتمام واسع في الوقت الحاضر ،حيث تقوم بتطوير المزيد
من األبحاث في جميع أنحاء العالم إلنشاء أجهزة جديدة تعتمد على نظام التيراهيرتز )(THz
والتغلب على التحدي المتمثل في فجوة التيراهيرتز المميزة .تهتم هذه الرسالة بدراسة وتطوير
مواد جديدة ناشئة ذات هياكل جديدة من حيث موجات التيراهيرتز  .THzالهدف الرئيسي من
هذه األطروحة هو دراسة كيف تكتشف و ثبت مادة ثنائي مولبدنوم ديسولفايد ) (MoS2في بنية
النانوربون) (nanoribbonsموجات التيراهيرتز ) (THzمن الناحية النظرية والعملية مقارنة
بمادة الجرافين .تم تطوير النموذج النظري جنبًا إلى جنب مع نموذج العملي لفهم كامل لسلوك
المواد وإللقاء نظرة أوسع على بنية المواد .تم تقديم الحسابات النظرية من خالل تطبيق معادلتين
للمواد ،لدراسة الهياكل المختلفة للمواد ) (ungated and gatedباشكال النانوربون واستجابتها
النبعاثات موجات التيراهيرتز ) (THzمن حيث تشتت البالزما .بعد الدراسة من الناحية
النظرية ،روجت مادة ثنائي مولبدنوم ديسولفايد ) (MoS2على قدرتها على بث موجات
التيراهيرتز ) (THzالنسبية من خالل تشتت البالزما ) (plasmon decayمما يؤكد إمكانات
مثل هذه المواد في تطبيقات موجات التيراهيرتز) .(THzومع ذلك ،فإن مادة الجرافين تظهر
خصائص أفضل وقيم تردد أعلى بسبب فجوة النطاق الصفرية وحركة الناقل األعلى
لالكترونات .كما بحثت الدراسة في االستجابة المختلفة لهذه المواد لموجات التيراهيرتز )(THz
عمليا .أوالً ،تم إجراء تحقيق في المواد التي تم الحصول عليها باستخدام مطيافية رامان .ثم تم
فحص المواد باستخدام االنعكاس الكلي المخفف ( )ATRلقياس تشتت تردد البالزمون.
مفاهيم البحث الرئيسية :موجات التيراهيرتز ) ،(THzالجرافين ) ،(Grapheneثنائي
مولبدنوم ديسولفايد ) ،(MoS2النانوربون ( ،)nanoribbonsتشتت البالزما ،انحالل تشتت
البالزما ،مطياف رامان.
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Chapter 1: Introduction
1.1 Overview
Terahertz (THz) frequencies are from 100 GHz to 10 THz, typically referred to as the
gap between infrared and microwave regions, as shown in Figure 1. In 1974, the
first occurrence of the term terahertz was used to describe the spectral line frequency
coverage of a Michelson interferometer [1], and in 1988 the THz gap between
photonics and electronics witnessed significant research effort after the advances in
physics by the researchers Auston and Nuss [2]. However, the detection and
emission of THz waves are difficult because the frequencies are too high for regular
electronic devices and too low for optical ones to function efficiently [3].

Figure 1: The THz region. The THz region typically includes frequencies from
100 GHz to 10 THz on the electromagnetic spectrum (source[4])

This has led to the proposal of a new kind of THz electronic devices, which are based
on the theoretical work of Dyakonov and Shur [5], in the early 1990s. This has stated
that plasma wave generation will be more interesting in the term of THz applications,
which is explained later in details in the Theory section. Moreover, it opened the
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door for researchers and technology experts to find new methods to detect and
produce THz radiations.
THz technology is now growing rapidly in many different fields and in the last
decade, THz waves have shown much interest thanks to the sensitivity of its
radiations to the molecular vibrations and to its non-ionizing characteristics making
THz waves safe to human tissues as they can present a future alternative to X-rays
[6]. Due to these advanced properties, a variety of applications has been achieved
[7]. Figure 2 shows some of the THz applications with the typical frequency ranges
of operation and some of these applications are stated below:


Security screening of objects and persons:
As many materials in the THz range have unique spectral “fingerprints”, so it
is possible to distinguish illegal drugs and explosives using multispectral
images and component spatial–patterns [8,9].



Biology and Medical Sciences :
Impressive advancement has been achieved in THz radiation. There have
been several studies on the diagnosis of cancer using THz spectroscopy and
imaging, and some cancer tissues can be accurately differentiated from
normal tissues by recognizing their different THz absorption contrasts
originating from their water contents [10-12].
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Figure 2: Applications of THz Technology (source [3])

1.2 Theory
Dyakonov and Shur showed that the electrons in the ballistic FET channel behave
like shallow water waves which may be described by the hydrodynamic equations of
the linear dispersion law ω = s.k, where k is the wave vector, s = (eU0/m*)

0.5

is the

wave velocity, U0 is the gate voltage swing, e is the electronic charge, and m* is the
electron effective mass [5]. Their theory stated that electrons in the FET would
produce plasma oscillations in the THz frequency range which is based on the
amplification of the wave during its reflection from the boundary where the current is
kept fixed. Moreover, a periodic variation of the channel charge and the mirror
channel charge was obtained as a result of the plasma oscillation. This variation leads
to electromagnetic radiation as the ballistic FET appears as the source of this
radiation. However, at the plasma wave frequency, the wavelength of the
electromagnetic radiation is much bigger than the device length.
Later, Dyakonov & Shur showed that the 2-dimensional electrons gas (2DEG)
channel in High-Electron-Mobility Transistors (HEMTs) has a resonance response to
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the incoming electromagnetic radiation at plasma wave frequency, which has an
electric response form. Moreover, they illustrated that the HEMT is exposed to
electromagnetic radiation and only biased by the gate-to-source voltage which
caused a constant drain-to-source voltage. That has a resonant dependence on the
radiation frequency with maxima at frequencies of plasma oscillation. They also
elaborated on the resonance response for new emerging devices such as frequency
multipliers and emitters and how long channel HEMTs can be used as broadband
detectors for electromagnetic radiation [13].
Thanks to the afore-mentioned theories [5,13], it became possible to use the plasma
waves phenomena in electronic devices, namely transistors, as detectors or emitters
of electromagnetic waves at THz frequencies as the plasmon waves are much faster
than the electron drift. Furthermore, those applications mainly focused on the use of
Silicon, Compound semiconductors due to their high electronic properties. Although,
tremendous researches were dedicated to Silicon, Compound Semiconductors in
recent years for developing sensitive THz detectors and effective THz emitters in
terms of plasma wave instabilities and to their high electronic properties. However,
some challenges were always present regarding the structure, the costly materials
used, and their fabrication processes require expensive and advanced techniques and
the most important challenge was not assuring proper boundary conditions at the
contacts and the tuning of the plasma velocity.
1.3 Statement of the Problem
The theory of Dyakonov and Shur is then turned to cheaper alternatives and higher
properties of Silicon, Compound Semiconductors. As Silicon was limited by its
mobility and electrons velocity, while the Compound Semiconductors was very

5
expensive and very hard to fabricate as it’s a combination of 2 and more different
semiconductors.
The theory started with the Graphene material to overcome the challenges of Silicon
and

Compound

Semiconductors.

Graphene is

an allotrope (form)

of carbon consisting of a single layer of carbon atoms arranged in a hexagonal lattice
and is a zero bandgap material as well as ultra-high carrier mobility [14]. In 2010,
Popov et al. have presented a new structure of Graphene as nanoribbons. They
theoretically showed that ungated nanoribbons can produce THz plasmons and they
can increase those plasmons by adding a gate to the Graphene nanoribbons. The THz
plasmons can be tuned by changing the angle between the plasmon wave vector, q,
and nanoribbon direction [15]. Overall, from the afore-mentioned studies on
Graphene, another material has also interesting properties such as Graphene called
Molybdenum disulphide with the chemical formula MoS2, which is an inorganic
compound composed of molybdenum and sulfur, the case of this research, with a
1.8 eV bandgap that can overcome the shortcomings of the zero bandgap of
Graphene in electronic applications. It also has ultrafast transient THz conductivity
that is expected to led to a new era in terms of THz applications [14].
This research conducted the study of MoS2 in contrast to Graphene nanoribbon
arrays taking into consideration the properties of each material theoretically. Firstly,
MoS2 was compared to Graphene material to look for the similarities and the
differences, and then devise a model, which fits perfectly to MoS2 nanoribbons.
Secondly, the equations presented in [15] were simulated to report on the plasmon
frequency dependency of Graphene and MoS2 nanoribbon patterns on the angle
between the plasmon wave vector and Graphene or MoS2 nanoribbons. The
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simulation included both designs ungated and gated for both Graphene and MoS2
nanoribbons. Thirdly, a comparison was made between:
1- The ungated Graphene and the ungated MoS2
i- At different angles
2- The gated graphene and the gated MoS2
i- At different angles
ii- At different gate lengths
3- The ungated Graphene and the gated Graphene
4- The ungated MoS2 and the gated MoS2
The comparison was to report on, which material in both the ungated and gated
nanoribbons would have higher THz plasmon frequencies, which is discussed in
chapter 3. Fourthly, moving to the experimental part, an investigation of the obtained
materials using the Raman Spectroscopy was conducted. to justify the number of
layers of MoS2 and Graphite[15,16], after that some samples were sent to our
collaborators and tested using Attenuated Total Reflectance (ATR) to measure the
plasmon frequency dispersion i.e. the samples ability to emit or detect THz waves.
1.4 Thesis Objective
This study is dedicated to finding alternatives to Silicon and compound
semiconductors as well as Graphene as THz detectors or emitters. As those materials,
have some disadvantages in terms of the costly fabrication process, the ability to
control the quality of the material and not assuring proper boundary conditions at the
contacts and the tuning of the plasma velocity. The disadvantages stated above could
be solved by using the MoS2 material as it has a low-cost fabrication process and
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very high resistance to oxidation as well as a low coefficient of friction, making the
MoS2 an interesting material in terms of plasma waves for the applications of THz.
1.5 Thesis Outline
This thesis begins with Chapter 1 titled “Introduction”; it gives some basic
background information related to this study and the Theory that the study is based
on. Chapter 2 follows as the “Literature Review”, which goes in-depth through past
research and studies about the experimental work that had been done on Silicon,
compound semiconductors & Graphene to implement applications in THz. Chapter 3
focuses on the theoretical calculations done on the Graphene and MoS2 nanoribbons.
This chapter identifies the dependency of the THz plasmon frequencies regarding the
angle between the plasmon wave vector and Graphene or MoS2 nanoribbons.
Chapter 4 is devoted to the experimental setup of MoS2 monolayers and its ability to
detect or emit THz waves in contrast to Graphene. Finally, the findings of the thesis
are concluded in Chapter 5.
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Chapter 2: Literature Review
2.1 Introduction
THz technology attracted the eagerness of the research community to develop new
applications in different designs and materials. Hence, this chapter of the thesis the
literature review is devoted to the different THz applications with Silicon, compound
semiconductors & Graphene to open the door for the new emerging material MoS2
2.2 Silicon and Compound Semiconductors
In this section, different THz emitters and detectors are listed below to summarize
the different approaches and kinds for the THz applications.
2.2.1 THz Emitters
Starting with THz Emitters, Figure 3 below shows some of the available THz
emitters working in the THz regime. Two of the main major approaches for
developing THz emitters are summarized. The first approach is THz-QCL (Quantum
Cascade Lasers), which is based on the semiconductor junction’s technology. The
electron relaxation between subbands of quantum wells is the reason for the emission
of THz waves as placing a semiconductor between two semiconductors of different
band structures. The second approach is the UTC-PD which is the difference
between two wavelengths generated from the optic beat of the light from two laser
diodes of different wavelengths and it has a unique mode of operation that only
electrons are the active part of the device. Even though the QCL and UTC-PD
operate at several frequencies but they only work at cryogenic temperatures due to
the weak energy of photons and they need specialized setup methods. From there,
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researches took a new path toward Dyakonov and Shur theory for developing THz
emitters based on the plasmon oscillations of the electrons [7].

Figure 3: THz emitters for different THz frequencies (source [7])

In 2004, THz emitters based on D-S theory started to reveal and it started with Knap
et al., which had experimented on III-V compound semiconductors for different THz
emitters. They reported on resonant, voltage tunable THz emission from InGaAs
HEMT with a gate length of 60 nm as an interpretation of Dyakonov and Shur
theory. They executed the experiment using the cyclotron emission spectrometers
[18] where they faced the main experimental difficulty by not attaining the resonant
cavity boundary conditions required for the development of plasma instability. It was
overcome by short-circuiting the gate with the source, by driving the HEMT to the
saturation region, and after the drain voltage of the device exceeds a certain threshold
value (~200 mv) an emission was observed. Figure 4, shows the emission spectra
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from an InGaAs HEMT for different source-drain voltages, Usd. The arrows mark
emission maxima at 0.42, 0.56, and 1.0 THz for Usd equal to 0.3, 0.6, and 0.8 V,
respectively[19].

Figure 4: Emission Intensity for THz frequencies (source [19])

The above-stated experiment used the standard design of HEMTs as shown in
Figure 5. However, between 2006 and 2008, Otsuji et al. had proposed a new
structure of an original HEMT based on InGaP/InGaAs/GaAs doubly interdigitated
grating gates G1 and G2 with a 2D plasmon layer formed between a 15 nm undoped
InGaAs channel layer and a 60-nm-thick doped InGaP layer as shown in Figure 5. It
resulted in the observation of emission of terahertz electromagnetic radiation using a
reflective electro-optic sampling system, at room temperature, as a result of
coherent/incoherent excitation of multimode plasmons. The coherent mode allows
emission of amplitude and phase of the signal, while the incoherent mode allows
only signal amplitude emission [20, 21].
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Figure 5: Cross-section of a GaAs/AlGaAs/InGaAs pHEMT (source [21])

Later, in 2010, Dyakonova et al. have reported on the terahertz emission from
AlGaN/GaN-based HEMT with 250 nm gate length at room temperature grown by
the MOCVD method, with a T- shaped gate covered with a field plate. The electron
density in the 2DEG was about 1.3×1013 cm-2, the mobility of electrons is estimated
as 1500 cm2/V.s. It was shown that THz emission was observed in a threshold-like
manner at specific drain bias, while the gate bias varied from -3.5 V to 0 V. Figure 6
presents the position of the maxima of emission spectra as points as a function of the
gate voltage. It also demonstrated that the solid curve defines well the experimental
points. Hence, the observed emission can be interpreted as being caused by plasma
waves excited in the transistor channel and the gate bias helped in tuning the radiated
waves, which are aspects of D-S theory. Moreover, they supposed that the field plate
assisted in producing the needed boundary conditions for the plasma wave instability
[22].
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Figure 6: Position of emission spectrum as a function of gate bias for GaN/AlGaN
transistor. At the drain to source voltage Vds = 4V (source [22])

During the same year of 2010, El Moutaouakil et al. has reported on utilizing a novel
dual grating gate plasmon-resonant emitter fabricated with InAlAs/InGaAs/InP
HEMT for THz emission at room temperature as shown in Figure 7. They
investigated introducing InP-based heterostructure material instead of GaAs-based
ones to improve the quality factor as it has higher electron mobility. The
measurements were carried using Fourier-transformed far-infrared spectroscopic
(FTIR) to measure the emission spectra for the InAlAs/InGaAs/InP HEMT which
revealed relatively broad emission spectra ranging from 1 to 6.5 THz independently
of the drain bias Vds, with peak emission at 2.3 THz. The results confirmed that InP
had successfully enhanced the THz emission intensity compared with GaAs, the
HEMT provided an advanced intensity by a factor of 2, and narrower spectra of the
THz emission. They also confirmed that for high-frequency operational devices, a
high amount of InP based material could be used, as the quality factor increases
linearly with the frequency [23].
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Figure 7: Device cross-section for InP-based heterostructure (source [23])

2.2.2 THz Detectors
THz detectors play a main role in human’s life through i.e. security and imaging.
That is why many types of research were conducted on THz detectors observing the
two main important parameters, the responsivity and the noise equivalent power
(NEP) which characterizes the sensitivity of THz detectors i.e. lower NEP leads to
more sensitive THz detectors. Starting with the available commercial detectors such
as bolometers, Golay cells, Schottky diodes, and pyroelectric detectors, it can be seen
clearly that they are limited by their huge size or by their operation temperature as
seen in Table 1 and that they require specialized and less common fabrication
technologies [24,25].
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Table 1: Overview of the state-of-art commercial THz detectors
Temperature (K)

Responsivity (V/W)

NEP (W/Hz0.5)

Golay Cell

300

104-105

10-10

Pyroelectric

300

103

10-7-10-9

Schottky diodes

300

102-103

10-9-10-11

Microbolometers

4

103-104

10-13

Detectors

One of the main aims for THz detectors is to have compact and cost-effective
detectors operating at room temperature with low NEP, which had shed the light on
studies applying the Dyakonov and Shur theory on Silicon and Semiconductors
compounds materials as THz detectors.
Recent advances in the silicon material have helped in the growth of THz technology
resulting in compact devices that are affordable and feasible. Therefore, in 2004,
Knap et al. had established 120 GHz photoresponse to sub-THz wave radiation of a
gated nanometer Si FETs caused by plasma wave detection and the results showed
that the sub-50 nm silicon transistor can be used as selective and voltage tunable
detectors of THz radiation [26]. Later, in 2006, Tauk et al. reported on a Silicon
MOSFET with different gate lengths (120, 200 & 300 nm) that could operate as nonresonant detectors for 0.7 THz waves at 300 K, they also measured the noise
equivalent power, an important metrics for THz detectors. The Si MOSFET has
exhibited a low noise equivalent power of about 10-10 W/Hz0.5, which is comparable
with commercial THz detectors [27].
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During the same period researches had been conducting applications using
semiconductors compounds materials. Knap et al. had experimented on compound
semiconductors for different THz detectors, and in 2002, they demonstrated a micron
gate GaAs/AlGaAs FET for resonant THz detection. They observed that when the
critical parameters wτ was increased, i.e. by increasing the frequency w or by
increasing the scattering time τ (which is directly proportional to the mobility) by
decreasing the temperature, till it reached wτ~1 at this point a 600 GHz resonant
detection was noticed as shown in Figure 8 as a function of gate voltage, i.e. resonant
detection has the advantage of being more sensitive to THz waves and it is gate
voltage tunable. These photoresponse measurements were performed with 200 GHz
and 600 GHz Gunn diode sources at 8 K temperature, but unlike the 600 GHz, the
200GHz appeared with the nonresonant character since wτ increases by a factor of 3
between 200 and 600 GHz [28].

Figure 8: THz frequency as a function of the gate voltage (source [28])

In [29] they experimented on GaAs FET working at room temperature to detect
femtosecond pulsed THz emitted from ZnTe crystal. The FET was regulated by a
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gate-to-source voltage and a drain-to-source current which has improved the
detection of THz waves. The source terminal was always grounded and the induced
dc drain voltage Uds appeared in response to the THz radiation which permitted the
increase of the FET’S responsivity by more than two orders of magnitude. Therefore,
this kind of detector has the advantage of being fast and small and can be utilized in
terms of THz space and time-resolved imaging. In 2005, Teppe et al. had applied the
same work methodology demonstrated in [28,29] but with using a 250 nm gate
length GaAs/AlGaAs heterostructure FET to detect resonant 0.6 THz waves by
driving the transistor into the saturation regime [30]. In 2006, El Fatimy showed that
GaN/AlGaN HFETs could be utilized as resonant/non-resonant detection at
cryogenic and room temperatures having a gate length of 250 nm. The substrates
consisted of a 100 nm-thick AlN buffer layer, a 2.0 mm-thick undoped GaN layer,
followed by an Al0.3Ga0.7N barrier layer, which was doped with silicon to
approximately 2*1018 cm-3. The THz and sub-THz radiation was generated by a CO2
pumped methanol vapour laser (0.76 THz, 2.5 THz), a Gunn diode (0.2 THz) source,
and back-wave oscillators (BWO). The experiments were done using frequencies of
0.76 THz and 2.5 THz for three different temperatures 4 K, 20 K and 70 K. At
temperatures above 70 K only non-resonant detection was revealed and at lower
temperatures resonant detection appeared as maximum (pointed as vertical arrows)
as show in Figure 9 below. They also measured the NEP for frequency of 0.2 THz
that was about 5*10-9 W/Hz0.5, which is slightly higher than some of the commercial
detectors. However, this HFET has the advantage of operating at high frequencies of
several tens of gigahertz [31].
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Figure 9: Response of GaN/AlGaN-based device to THz radiation against gate
voltage. For different temperatures and frequencies as shown in a and b (source [31])

In 2011, El Moutaouakil et al. had reported on using InGaP/InGaAs/GaAs HEMT
with a dual grating gate (DGG) structure for non-resonant detection of THz waves at
300 K. The two gates were fabricated as gate 1 with 37 fingers and gate 2 with
38 fingers. A Gunn diode operating at 0.30 THz as the THz source as shown in
Figure 10 was placed 7 cm away from the HEMT with no use of focusing lenses to
focus the THz beam and the quality factor was measured to be 0.32 which is smaller
than unity, giving it the characteristics of non-resonant detection. The results of the
experiment showed high values of polarization when the THz waves were incident in
the source-drain direction due to the device’s novel design, it also showed low noise
equivalent power about 10-10 W/Hz0.5, and a high intrinsic responsivity about
90 V/W, which made it a good THz detector for sponsoring applications such as
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imaging [32]. In 2012, they also reported on non-resonant detection for THz waves
with the same experimental setup as [32], but with using InAlAs/InGaAs/InP
material systems

HEMT with two-dimensional plasmons. The results obtained

demonstrated that the 2D spatial distribution image of the transistor responsivity
shows a clear beam focus centered on the transistor position, which ensures the
appropriate coupling of the terahertz radiation to the device. It was also demonstrated
that the device is one of the smallest and most efficient THz detectors as it has low
noise equivalent power about 10-11 W/Hz0.5 and high responsivity compared to
GaAs-based HEMTs owing it to their high electron mobility [33].

Figure 10: The experimental setup for THz detection (source [32,33])

2.3 Graphene
On the other hand, these materials are costly, and their fabrication processes require
expensive and advanced techniques. New emerging materials such as Graphene
which was first reported in 2004 by Geim and Novoselov [34]. Graphene is
considered as cheaper alternatives to the compound semiconductors with good
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properties in the THz frequencies, and structures based on this material can detect
and emit electromagnetic waves at THz frequencies.
Graphene, a one-three atom-thick planar sheet of a honeycomb carbon crystal is a
unique material with high carrier mobility, zero bandgap, and frequency-independent
absorption promotes it for the development of different THz applications.
In 2014, Spirito et al. reported on using bilayer Graphene (BLG) FETs as broadband
detectors for THz waves at room temperature. They used BLG, as the modulation of
carrier density is higher than single-layer Graphene as shown in ref. [35], which will
allow higher responsivity at THz frequencies. They used two modes to carry out their
experiments, the photovoltage mode, and the photocurrent mode. They also
presented two types of gates (i) a 1µm top gate; and (ii) a buried gate as shown in
Figure 11. The devices were fabricated as follows; flakes were mechanically
exfoliated from Graphite on an intrinsic Si substrate covered with 300 nm SiO2.
BLGs are selected and identified by a combination of optical microscopy and Raman
spectroscopy. The experiments were conducted by using 0.292 THz radiation
generated by a Gunn diode and a frequency tunable electronic source covering the
0.265–0.375 THz range. Two sets of experiments were executed: (i) the photovoltage
signal is recorded through a lock-in amplifier (LIA) in series with a voltage
preamplifier, having an amplification factor of 25; (ii) the photocurrent signal is
measured with a trans-impedance amplifier, with Gn equals 107 V/A. The
responsivity was measured to be 1.2 V/W and the NEP is around 4*10-9 W/Hz0.5 for
the photovoltage mode and 2*10-9 W/Hz0.5 for the photocurrent mode. From the
results of responsivity and the low NEP, the BLG is comparable with most
commercially THz detectors available at room temperature [36].
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Figure 11: Schematic BLG FETs with (a) top gate, (b) buried gate (source [36])

In 2017, a Graphene FET was fabricated with a bowtie antenna placed at the center
of a hyper-hemispherical lens to detect the THz waves at 400 GHz as shown in
Figure 12 [37]. The GFET gate was of width 2 μm and length 2.5 μm. The signal
from the antenna is fed to the gate-source terminals. The fabricated GFET detector
was characterized under dc, which is measured at the source-drain terminals. While,
the gate-source terminals was nourished from the antenna signal.

21
a)

b)

Figure 12: The fabricated GFET detector. a) An optical microscope image of the
fabricated GFET detector b) the fabrication process of GFET detector (source [37])

Furthermore, the GFET showed moderate responsivity about 74 V/W, and a
minimum NEP of 130 pW/Hz0.5. Moreover, the responsivity of the GFET was
affected by the quality of the graphene used and it was reduced by the increase of the
residual carrier concentration n0 as shown in Figure 13, the responsivity was plotted
against the inverse residual of the carrier concentration and it was shown that the
increase of 1/n0 results in the increase of the responsivity. This strategy could help in
developing more competitive and sensitive GFET detectors.
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Figure 13: Maximum responsivity of GFET detectors versus inverse residual carrier
concentration 1/n0 (source [37])

In 2018, Guo et al. [38], presented photodetector design based on Graphene material
of channel length of 9 μm by integrating only a square-spiral antenna under terahertz
radiation at room temperature. The detector can be finished in one step by placing
the Graphene stripe between two gold electrodes and without the need of using
dissimilar metallic contacts, the spiral antenna functioned as both the coupler and the
electrode, and the Graphene channel is extended from the center to the third contact
finger as seen in Figure 14, that lead to asymmetrical construction.

Figure 14: Schematic of the Graphene-based THz detector integrated with a squarespiral antenna (source [38])
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Graphene was grown using CVD, which was then transferred to a silicon wafer
coated by 300 nm SiO2. Optical microscopy and Raman spectroscopy were used to
confirm the number of layers of the Graphene. The ultraviolet lithography technique
was used to pattern the square-spiral antenna, and then the electrical connection was
made with Graphene stripe using Cr/Au metallization.
The antennas are designed to concentrate the local terahertz field in the center upon
the incident terahertz radiation. The terahertz beam with a power density adjusted
from 0.5 mW∕cm2 up to 2 mW∕cm2 was radiated on the device. Furthermore, a Golay
cell regulated the received power at every electromagnetic frequency and the
photocurrent spectra were normalized to this power to calculate the responsivity. The
voltage responsivity was measured to be as high as 28 V/W when the
electromagnetic frequency is in resonance with the structure. Also, the second
important metric of detectors, the NEP reached a minimum level of 0.35 nW∕Hz0.5,
which is comparable with other Graphene-based THz detectors [35,36].
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Chapter 3: Theoretical Calculations
3.1 Theoretical Considerations
In this chapter, the theoretical calculations are presented based on the effect of
changes in the angle θ, between the plasmon wave vector q, and the Graphene or
MoS2 nanoribbons. A simulation was conducted, to obtain the plasmon dispersion in
THz range w/2π real part of Equations (1) and (2) and the plasmon dispersion decay
rate y/2π imaginary part of Equations (1) and (2) for ungated and gated Graphene or
MoS2 nanoribbons structures, due to the incoming electric field. The electric field is
focused along the wave vector q placed as the x-axis of the Cartesian coordinate
system. The nanoribbons used in this simulation are shaped as a homogenous 2D
plane with anisotropic sheet conductivity as shown in Figure 15.

MoS2 Nanoribbon
Direction

θ

q

Figure 15: Schematic diagram of ungated MoS2
The theoretical calculations were conducted using the MATLAB software for the
following dispersion relation plasmon for ungated structures Equation (1) and gated
structures Equation (2), which were derived from [15].
2𝜋𝑒 2 𝑁2𝐷

𝑤
̌ = 𝑤 − 𝑗𝑦 = √
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Where m* is the effective mass, N2D is the sheet electron density, ɛ is the dielectric
constant, e is the electron charge, θ is the angle between the plasmon wave vector
and the MoS2 (Graphene) nanoribbons direction, v is the electron momentum
relaxation rate in the Graphene or MoS2 nanoribbons array and H is the spacing
between the array and perfectly conductive plate “gate length” (in case of gated
nanoribbons).
Using Equation (1) and Equation (2) a simulation was implemented to obtain the
graphs for ungated Graphene or MoS2 nanoribbons structures, by using the
parameters of Graphene nanoribbons as stated in Popov’s paper [15]. While for
MoS2 the parameters were taken from different research papers depending on the
research requirements to fulfill the plasmon dispersion equations. Table 2 below
shows the parameters used for both Graphene and MoS2 nanoribbons.

Table 2: Parameters of Graphene and MoS2
Parameters

-

References

Nanoribbons Material

Ungated Graphene

Gated Graphene

Ungated MoS2

Gated MoS2

for MoS2
-

Theta (θ o)

0o,60o,80o

-

Wave vector (q cm-1)

0-10000

-

Electron charge (e C)

1.602176×10-19

[39]

Free electron mass (mo kg)

9.109×10-31

[40]

Effective mass (m* kg)

0.002×mo

0.002×mo

0.45×mo

0.45×mo

[41]

Spacing (H nm)

-

5,10,20,30

-

5,10,20,30

-

Dielectric constast (ɛ)

2.6×8.854×10-12

2.6×8.854×10-12

2.4×8.854×10-12

2.4×8.854×10-12

[42]

Sheet Electron Density

1012

1012

4.6×1012

4.6×1012

[43]

(N2D cm-2)
Electron relaxation rate (v s-1)

1.32×1013

1.32×1013

6.9×1012

6.9×1012

-
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3.2 Results
3.2.1 Overview
The simulations were conducted using the above values presented in Section 3.1 for
the two kinds of materials with ungated and gated nanoribbons. The plasmon
dispersion rate w/2π (real part) was obtained along with the plasmon decay rate y/2π
(imaginary part) figures for ungated Graphene and ungated MoS2 by changing the θ
for θ = 0o, 60o, 80o. While for the gated Graphene and gated MoS2, four different
values of H (5, 10, 20 & 30) for each material were simulated by changing the θ for
θ = 0o, 60o, 80o. The figures of the plasmon dispersion and decay are represented
below. The simulations also show the plasmon dispersion rate w/2π (real part) along
with the plasmon decay rate y/2π (imaginary part) for θ = 0o, 20o, 45o, 60o, 70o, 80o
and 90o to check the effect of changing θ on the THz frequency and how the plasmon
dispersion and decay are affected at different values of θ.
3.2.2 Plasmon Dispersion Figures
The figures of the plasmon dispersion are presented below for the ungated and gated
Graphene as well for the ungated and gated MoS2 and they are divided to two parts.
In part 1 that includes the main angles θ = 0o, 60o, 80o of the plasmon dispersion and
in part 2 it includes θ = 0o, 20o, 45o, 60o, 70o, 80o and 90o to clarify the effect of
change of θ on the plasmon dispersion.
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Part 1

Figure 16: Plasmon dispersion w/2π for ungated Graphene nanoribbons. As a
function of the plasma wave vector q for different values of angle θ and v =
1.32 × 1013 s-1

Figure 17: Plasmon dispersion w/2π for ungated MoS2 nanoribbons. As a function of
the plasma wave vector q for different values of angle θ and v = 6.9 × 1012 s-1
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Figure 18: Plasmon dispersion w/2π for gated Graphene nanoribbons (H = 5 nm). As
a function of the plasma wave vector q for different values of angle θ and v =
1.32 × 1013 s-1

Figure 19: Plasmon dispersion w/2π for gated Graphene nanoribbons (H = 30 nm).
As a function of the plasma wave vector q for different values of angle θ and v =
1.32 × 1013 s-1
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Figure 20: Plasmon dispersion w/2π for gated MoS2 nanoribbons (H = 5 nm). As a
function of the plasma wave vector q for different values of angle θ and v =
6.9 × 1012 s-1

Figure 21: Plasmon dispersion w/2π for gated MoS2 nanoribbons (H = 30 nm). As a
function of the plasma wave vector q for different values of angle θ and v =
6.9 × 1012 s-1
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Part 2

Figure 22: Plasmon dispersion w/2π for ungated Graphene nanoribbons. As a
function of the plasma wave vector q for different values of angle θ and v =
1.32 × 1013 s-1

Figure 23: Plasmon dispersion w/2π for ungated MoS2 nanoribbons. As a function of
the plasma wave vector q for different values of angle θ and v = 6.9 × 1012 s-1
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Figure 24: Plasmon dispersion w/2π for gated Graphene nanoribbons (H = 5 nm). As
a function of the plasma wave vector q for different values of angle θ and v =
1.32 × 1013 s-1

Figure 25: Plasmon dispersion w/2π for gated Graphene nanoribbons (H = 30 nm).
As a function of the plasma wave vector q for different values of angle θ and v =
1.32 × 1013 s-1
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Figure 26: Plasmon dispersion w/2π for gated MoS2 nanoribbons (H = 5 nm). As a
function of the plasma wave vector q for different values of angle θ and v =
6.9 × 1012 s-1

Figure 27: Plasmon dispersion w/2π for gated MoS2 nanoribbons (H = 30 nm). As a
function of the plasma wave vector q for different values of angle θ and v =
6.9 × 1012 s-1
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3.2.3 Plasmon Dispersion Decay Figures
The figures of the plasmon dispersion decay are presented below for the ungated and
gated Graphene as well for the ungated and gated MoS2 for θ = 0o, 20o, 45o, 60o, 70o,
80o and 90o.

Figure 28: Plasmon dispersion decay y/2π for ungated Graphene nanoribbons. As a
function of the plasma wave vector q for different values of angle θ and v =
1.32 × 1013 s-1
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Figure 29: Plasmon dispersion decay y/2π for ungated MoS2 nanoribbons. As a
function of the plasma wave vector q for different values of angle θ and v =
6.9 × 1012 s-1

Figure 30: Plasmon dispersion decay y/2π for gated Graphene nanoribbons
(H = 5 nm). As a function of the plasma wave vector q for different values of
angle θ and v = 1.32 × 1013 s-1

36

Figure 31: Plasmon dispersion decay y/2π for gated Graphene nanoribbons
(H = 30 nm). As a function of the plasma wave vector q for different values of
angle θ and v = 1.32 × 1013 s-1

Figure 32: Plasmon dispersion decay y/2π for gated MoS2 nanoribbons (H = 5 nm).
As a function of the plasma wave vector q for different values of angle θ and v =
6.9 × 1012 s-1
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Figure 33: Plasmon dispersion decay y/2π for gated MoS2 nanoribbons (H = 30 nm).
As a function of the plasma wave vector q for different values of angle θ and v =
6.9 × 1012 s-1

3.3 Discussion
Many observations were made regarding the two materials and the ungated and the
gated structures that are discussed below in detail. First of all, the simulation yields
that when θ = 0o for different values of wave vector q, it showed the highest plasmon
dispersion, for all the cases of ungated and gated structures and even with different
values of H (see Appendix for more information) as shown in Figures 16-21 in
contrast to θ = 60o & 80o. It also presents that the plasmon frequency decreases with
the increase of θ due to the dependency between the incoming electric field and the
nanoribbons directions for both materials ungated and gated, as reported in the
published work [44] and the literature review chapter [23,31,33]. Additionally, and to
make things clearer, θ has been changed from 0o to 90o at different intervals as seen
in Figures 22-27 in part 2 (for more figures for different H of the gated materials
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check the Appendix) and it is seen that decreasing θ for different values such as 20o,
45o, 70o and 90o certainly decrease the plasmon dispersion, and strengthens the
theory presented in this thesis. In addition to that, at 90o there is no THz plasmonic at
all in all the cases of gated and ungated materials due to the existence of cos 2 𝜃 in
Equations 1 and 2.
Secondly, the comparison between the ungated Graphene and the ungated MoS2, it
yields that at θ = 80o the plasmon frequency for the ungated Graphene is about 5 THz
for q = 106 m-1, while for the ungated MoS2 is about 0.51 THz for the same wave
vector. Adding to that, at θ = 0o the plasmon frequency for the ungated Graphene is
31 THz for q = 106 m-1 while for the ungated MoS2 is about 4.6 THz for the same
wave vector as shown in Figures 16 and 17.
Thirdly, between the gated Graphene (H = 30 nm) and the gated MoS2 (H = 30 nm),
it yields that at θ = 80o the plasmon frequency for the gated Graphene is about 0.8
THz for q = 106 m-1, while for the gated MoS2 no plasmon dispersion is observed for
the same wave vector. Adding to that, at θ = 0o the plasmon frequency for the gated
Graphene is 7.5 THz for q = 106 m-1 while for the gated MoS2 is about 0.1 THz for
the same wave vector as shown in Figures 19 and 21, respectively. Discussing
deeper, the gate length 5 nm for the gated Graphene shows THz plasmonic frequency
about 2.85 THz at θ = 0o for q = 106 m-1, while for the 5 nm gated MoS2 for the same
angle and wave vector it showed 0 THz as represented in Figures 18 and 20,
respectively. The gate lengths of the Graphene material has been chosen and
compared by the same value of the MoS2 gate length material to make the discussion
fair and complete.
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This explains the concept that the ungated and gated Graphene have higher plasmon
dispersion frequency than the ungated and gated MoS2, respectively. This is due to
the existence of the zero bandgap and the Dirac point (where its valence and
conduction bands encounter) of the Graphene material, which promotes the plasmon
dispersion as it has tunable carrier densities. It is also due to the small effective mass
of the Graphene material (0.002×mo) in contrast to the effective mass of MoS2
material (0.45×mo) that concludes high THz plasmonic frequencies for small
effective mass. Furthermore, the effective mass is related to the width of the
nanoribbons and in this case, for the equality of the study, 100 nm width of the
nanoribbons were chosen for both materials, which resulted in high effective mass
for the MoS2. Adding to that, the effective mass is inversely proportional to the
1

mobility, 𝜇 ∝ 𝑚∗ , that justifies that having a small effective mass endorses the
mobility of the electrons to move faster, which means higher THz plasmonic
frequencies as in the case of the Graphene nanoribbons.
Fourthly, comparison between gated materials, for the gated Graphene with two
different gate length 5 nm and 30 nm as presented in Figures 18 and 19 respectively.
As seen that when the gate length increases it promotes the THz plasmonic frequency
much further, for example at θ = 80o the gated Graphene of gate length of 5 nm had
no THz plasmonic frequency at all, but when the gate length was changed and
became 30 nm it started emitting THz waves at q = 6.5 ×106m-1. Furthermore, at
θ = 0o the plasmon frequency for the gated Graphene of gate length 5nm is about 2.8
THz for q = 106 m-1 while for gate length 30 nm is about 7.5 THz for the same wave
vector. Moving to the gated MoS2 material at gate length of 5 nm there was no
plasmonic dispersion at all of the three different angles θ = 0o, 60o & 80o as
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represented in Figure 20, while at gate length of 30 nm it resulted of THz plasmonic
frequency at q = 106 m-1 for θ = 0o about 1 THz as represented in Figure 21. It is been
concluded that in both cases of the gated materials, Graphene and MoS2, as the gate
length increases the plasmon dispersion increases for the three different angles
θ = 0o, 60o & 80o as seen in Equation (2) the gate length H is in the numerator so any
increase to the gate length would promote the THz plasmonic frequency (for more
information regarding the different gate length H check Appendix).
Finally, a comparison between the ungated and the gated materials, starting with
Graphene ungated and gated, as seen in Figures 16, 18 and 19 and summarized in
Table 3, the ungated Graphene had higher values of THz plasmon frequencies than
the gated Graphene. To clarify for θ = 0o at q = 106 m-1 the ungated Graphene THz
plasmonic frequency reached 31 THz, while for the gated Graphene of gate length
5 nm it was about 2.8 THz and for the 30 nm gate length it was about 7.5 THz. The
ungated and gated MoS2 had the same situation as the Graphene material; the
ungated MoS2 exhibited higher THz plasmonic frequency than the gated MoS 2 with
gate lengths 5 nm and 30 nm as presented in Figures 17, 20 and 21 and summarized
clearly in Table 3. Furthermore, the gated structure was supposed to improve the
THz plasmonic frequency but the opposite phenomena had occurred due to the
existence of the qH (which is less than 1) in Equation (2) in contrast to Equation (1).
Making the gated nanoribbons to have higher cut-offs and increased plasmon
dispersion decay in contrast to the ungated materials as shown in Figures 28-33.
The values of the THz plasmon frequency at different angles θ = 0o, 60o & 80o are
presented below in Table 3 to summarize and clarify the data.
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Table 3: Summary of the values of the THz plasmon frequency of the different
materials at different θ
The THz plasmonic frequency at q = 106 m-1
Material
θ = 0o

θ = 60o

θ = 80o

31 THz

15.1 THz

5.1 THz

2.8 THz

1.2 THz

0 THz

Gated Graphene (H = 30nm)

7.5 THz

3.8 THz

0.8 THz

Ungated MoS2

4.6 THz

2.25 THz

0.6 THz

Ungated Graphene
Gated Graphene (H = 5nm)

Gated MoS2 (H = 5nm)

no plasmon dispersion
no plasmon

Gated MoS2 (H = 30nm)

1 THz

0.15 THz
dispersion

Finally, the figures presented in subsection 3.2.3, which are the plasmon dispersion
decay of the imaginary part of Equations 1 and 2, are discussed below. It was
concluded that whenever θ = 90o it will result in no decay as a result of the existence
of cos2 𝜃 in Equations (1) and (2) as shown in Figures 28-33. It also concluded that
when the dispersion takes a long time the decay part would be slow as presented in
Figure 28 of the decay of ungated Graphene in contrast to the dispersion of the
ungated Graphene in Figures 16 and 22. It can also conclude that the dispersion
decay for the gated MoS2 nanoribbons of H = 5 nm gave a descent decaying rate as
shown in Figure 32 as there was no dispersion in terms of THz waves shown in
Figure 20 and 26. Furthermore, in gated MoS2 of H = 30 nm, the dispersion
presented in Figures 21 and 27 showed that when θ = 70o & 80o there was no
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plasmon dispersion and at θ = 0o, 20o & 45o the dispersion was fast resulting in
plasmon dispersion in terms of THz waves. While, in Figure 33 there was a fast
decay rate for θ = 70o & 80o, but at θ = 0o, 20o & 45o it had a slow decay rate
resulting in a stabilized decaying rate at -0.55 THz. Furthermore, the results obtained
show that the decay part and the dispersion part are related and that they exist to
complete the shortcomings of the other.
3.4 Conclusion
Even though the results presented above do not promote the MoS2 nanoribbons over
the Graphene nanoribbons, the MoS2 exhibited decent THz plasmon frequencies as
shown in Figures 17 and 21 in terms of plasmon dispersion. Also, the selection of
MoS2 material over Graphene was due to different factors, which are the reported
robustness and low coefficient of friction combined with the resistance to the
oxidation and the 1.8 eV bandgap of MoS2 over the zero bandgap of Graphene as
well as overcoming of the key shortcomings of Graphene in electronic applications.
They also shared some excellent properties as high mechanical flexibility and high
thermal stability up to 1090oC [41,45]. Moreover, MoS2 nanoribbons ungated and
gated have potential as THz emitters, detectors as well as photomixers as the results
above showed. Also compared to the THz emitters in subsection 2.2.1, the THz
emitter in [23] had ranged from 1 to 6.5 THz as transistors but as in this case, the
material itself showed descent THz emission about 4.6 THz at θ = 0o.
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Chapter 4: Experimental Setup
4.1 Disclaimer
In this chapter, the experimental setup and results are presented below. In this thesis,
the mechanical exfoliation was chosen rather than the CVD to grow materials due to
the fact that through some administrative issues were running that caused the setup
of the CVD machine to be delayed, besides the safety issues such as the installation
of air exhausts and the restrictions on using carrier gases in the labs. In addition,
there was no access to high-tech lithography solutions, so ribbons were made in the
micrometer scale, not in the nanoscale.
Starting with mechanical exfoliation to get the MoS2 and Graphene materials as the
aim of this study is to work on nanoribbons that are one single layer of the material.
In addition, Graphite powder (many layers of Graphene) was also used in mechanical
exfoliation for testing purposes and another sample of Graphite powder was
dissolved in water. Next, the samples of the Graphite and MoS2 went through Raman
Spectroscopy as the Raman Spectroscopy defines the number of layers on the sample
tested by assembling spectral data with dimensional resolution and converting it in a
2D plot image [46]. Later, some samples were sent to the collaborators and tested
using Attenuated Total Reflectance (ATR) to measure the plasmon frequency
dispersion i.e. the samples' ability to emit or detect THz waves.
4.2 Sample Preparation
The sample preparation started with washing four different Si/SiO2 wafers with
acetone, then ethanol, distilled water and finally dried with Nitrogen gas as shown in
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Figure 34. Just to make sure that the wafers are clean and shiny and do not have any
residue or dust on them. Then they were kept aside in a clean box.

1

2

3

4

Figure 34: The process of cleaning the Si/SiO2 wafers. 1) It started with acetone and
ethanol then 2) distilled water and finally 3) dried with Nitrogen gas and 4) kept in a
clean place

Secondly, the mechanical exfoliation took place; it started with placing a very small
amount of bulk MoS2 on the sticky side of the Low Tack Tape made by SPS as
shown in Figure 35a (a very special tape used for experiments as it does not leave
any traces of glue residue). It was followed by using another piece of the sticky tape
placed on top of the sticky side holding bulk MoS2, removing the 1st piece of the
sticky tape carrying MoS2 and placing it again on the 2nd piece of the tape but at a
different position to produce thin flakes of MoS2 (monolayer) as shown in Figure 35b
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and c. This process is repeated depending on each person in this case it was done
three to four times. The tape was then pressed onto Si wafers covered by thick layers
of SiO2 as shown in Figure 35d. The tape was then removed after mild rubbing the
tape on the Si/SiO2 wafer so that the thin flakes of MoS2 would be left on the wafer.
Two samples were prepared for MoS2.

a

c

b

d

Figure 35: The mechanical exfoliation of MoS2. a) MoS2 was placed on the tape b) &
c) mechanical exfoliation was done at different places d) the thin flakes of MoS2
were pressed on the Si/SiO2 wafers

The same process of mechanical exfoliation was done on Graphite for the purpose of
training. For the first sample, a very small amount of the Graphite powder was
placed on the sticky side of the tape, another tape was placed on top of the Graphite
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powder as shown in Figure 36, and the process was repeated. For Graphite to
produce thin flakes, the exfoliation was repeated about 12 times. Then the thin flakes
of the Graphite powder were placed on Si/SiO2 wafers. For the second sample, the
Graphite powder was dissolved using water (H2O) and then placed on Si/SiO2 wafer.
The two samples of Graphite powder were prepared.

Figure 36: Graphite powder

4.3 Results of Raman Spectroscopy
In this section, the Raman Spectroscopy results will be presented for the samples.
Moreover, after the setup was done as mentioned in Section 4.1 an analysis of the
samples was run by using Raman Spectroscopy manufactured by NITROS. The laser
radiation used was operating at 532 nm laser, the Raman figures were produced
using the RAON-spec program, and only 1 % of the ND Filter was used for all
samples. From the study of H. Li et al. [17], it showed that the 532 nm laser for a 1
layer of MoS2 would give as E12g peak frequency at 384.7 cm-1 and A1g peak
frequency at 402.7 cm-1, they also stated that E12g and A1g peaks are the only main
features to identify the layers of MoS2. The MoS2 samples was first to be investigated
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and after analyzing the samples an E12g peak frequency at 382.03 cm-1 at 7503 counts
and an A1g peak frequency at 408.42 cm-1 at 8607 counts were obtained as shown in
Figure 35 that was developed by the RAON-spec program. For the MoS2 flakes
obtained it had dimensions of 3.05 µm width and length about 4.3 µm as shown in
Figure 38.
The peaks of the recorded Raman of MoS2 sample show that it obtained 3 to 4 layers
as presented in [17] and there was some deviation of the peaks due to the difference
in the surrounding environment such as the ambient temperature and the light
intensity inside the Raman Spectroscopy room.
384.14

A1g = 408.42 cm
E12g = 382.03 cm

-1

-1

The 532 nm laser

Figure 37: The Raman shift peaks for the MoS2 thin flakes layer. Using RAON-spec
Program
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Figure 38: The MoS2 flake sample. The MoS2 flake sample with 3.02 µm width and
4.30 µm length with a scale bar of 5.00 µm

For the Graphite samples, the Raman features are the so-called G band about
1580 cm-1 and the 2D band about 2670 cm-1 as presented in [46]. After analyzing
the mechanically exfoliated Graphite a G band peak frequency at 1577.28 cm-1 at
47818 counts and 2D band peak frequency at 2720.61 cm-1 at 14186 counts was
detected as shown in Figure 39a as extracted and plotted on excel sheet. The second
sample of Graphite dissolved in water gave a G band peak frequency at 1581.60 cm-1
at 5249.54 counts and 2D band peak frequency at 2717.83 cm-1 at 2378.22 counts as
extracted and plotted on excel sheet as shown in Figure 39b. For the Graphite
samples obtained, the mechanical exfoliated Graphite had dimensions of 3.11 µm
width and length about 3.86 µm as shown in Figure 40a, while the Graphite
dissolved water sample had dimensions of 5 µm width and length about 5.75 µm as
shown in Figure 40b. The mechanical exfoliated Graphite was of better quality than
the Graphite dissolved in water and as mentioned before the Raman Results in this
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study were deviated than the results in [46] due to the different atmosphere the
experiments were carried out.
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Figure 39: The Raman shift peaks for the Graphite samples. a) The mechanically
exfoliated graphite with G band 1577.28 cm-1 and 2D band 2720.61 cm -1. b) The
water-dissolved Graphite sample with the G band 1581.6 cm-1 and 2D band 2717.83
cm-1
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a)

b)

Figure 40: The Graphite samples. a) The mechanical exfoliated Graphite sample with
3.11 µm width and 3.86 µm length with a scale bar of 5.00 µm. b) The water
dissolved Graphite sample with 5.00 µm width and 5.75 µm length with a scale bar
of 5.00 µm

4.4 Results of ATR
In this section, the results obtained from Attenuated Total Reflectance (ATR) are
presented below. The ATR was used to measure the plasmon frequency dispersion in
Graphene and MoS2 samples. Generally, the interaction between the sample and the
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passing wave traveling along a prism surface provides the information required for
the ATR measurements. Moreover, the longitudinal modes can be excited by the
passing wave that cannot be retrieved directly by conventional methods. The ATR
method, the reflection, and the phase can be precisely evaluated to measure the
plasmon frequency dispersion accurately and it is significant to mention that
removing the sample without interfering in the optical pathways can measure the
reference wave. The advantage of the ATR that it does not need sample preparation it
can access samples with numerous optical properties and forms without changing the
optical arrangement. Moreover, the THz time-domain transmission spectroscopy
setup, which is the experimental setup in this experiment as shown below in
Figure 41a with the ATR that was accomplished by installing a Dove prim as seen in
Figure 41b into the focus spot of the THz pulse. The most important point is that the
insertion does not impact on the optical pathway of the THz pulse [47].

Figure 41: Schematic diagram of the experimental and ATR setups. a) Schematic
diagram of the experimental setup. b) Schematic diagram of the ATR setup. As
copied from [47]
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The Graphene samples used in this experiment are shown in Figure 42. Then, the
results of the ATR for both Graphene and MoS2 were collected and plotted; the
results of both materials had a very weak response to the THz pulse as seen in
Figure 43.

11.18 µm
8.05 µm

17.09 µm

8.37 µm

7.00 µm

12.55 µm

Figure 42: SEM image of the Graphene monolayer sample
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Figure 43: Attenuated Total Reflection Spectra as a response of the THz pulse. The
blue line presents the Graphene sample and the orange line presents the MoS2 sample

Due to the use of larger ribbon size, the expected dispersion frequency should be
around the lower end of the frequency spectrum, i.e. hundreds of GHz. However, the
ATR showed that both materials exhibited similar features at that frequency range,
which suggest that whatever recorder reflectivity in the plot was not coming from the
materials, but rather from the substrate or other artifact.
Moreover, the used samples don’t have any enhanced structure such as metal grating,
and the only electric field excitation is coming from the incident laser, therefore, the
ATR didn’t show any signs of plasmon dispersion in the THz range.
Nevertheless, the investigation of plasmon dispersion at very low frequencies using
the above materials is possible, but it requires a different experimental setup.

54

Chapter 5: Conclusion and Future Outlook
5.1 Conclusion and Limitations of the Study
The research question raised in Section 1.3 were answered successfully. Firstly, the
discussion of which nanoribbon material MoS2 or Graphene would have higher THz
plasmon frequencies were reported theoretically and clearly in chapter 3. The results
showed that Graphene material had higher THz frequencies in terms of plasmon
dispersion but MoS2, the case of this study, showed a very decent plasmon dispersion
and has very interesting properties as its resistance to oxidation, which is a very good
property in terms of the THz detectors and emitters in contrast to Graphene
nanoribbons.
Moving to the experimental setup, mechanical exfoliation was used to attain the
monolayers of MoS2 and Graphite, which did not result in monolayers for the MoS2,
but it did for the Graphite material as shown in chapter 4. The reason for not
assembling a monolayer for MoS2 that the mechanical exfoliation using the tape was
done only three times for the samples and there were only two samples prepared.
There was no chance to repeat the exfoliation due to time limitations and resources.
In addition, using the mechanical exfoliation to obtain the layers of MoS2 and
Graphite, gives better control over the number and the quality of the layers but there
was no chance to use the CVD to grow materials due to the unfinished setup of the
machine and the safety issues. Furthermore, the samples were tested by ATR in the
collaborators’ facility using microscale ribbons of both materials. Due to the larger
size of the ribbons and the absence of enhanced structures, the results showed no
plasmon dispersion at THz frequencies, but it is expected that the dispersion is
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happening at lower frequencies, which should be investigated using a proper
experimental setup.
5.2 Future Outlook
In this theoretical research work, a 100 nm width for the nanoribbons was used of
both materials to have a fair study and comparison. For future work, more researches
are required to study the effect of using a smaller width of nanoribbons as it affects
the effective mass resulting in a reduced effective mass for the MoS2 nanoribbons
that would result in higher mobility, which means higher THz frequencies in terms of
plasmon dispersion. In addition, in terms of gated nanoribbons, it is suggested to use
gate lengths wider than 30 nm to increase the plasmon dispersion. However, the
width of the nanoribbons should be considered along with the length of the gates
used. Moreover, this study did not stop here; a simulation was used to try to resonate
theoretically between the Graphene and MoS2 nanoribbons to have higher THz
plasmon frequencies. It was found that the electric field in the direction of MoS2
nanoribbons at 0o obtains a frequency of 4.6 THz, while the Graphene nanoribbons
inclined by 81o from the MoS2 also obtains a frequency of 4.6 THz therefore; the
plasmon dispersion can be enhanced at the frequency of 4.6 THz. From here, a model
of MoS2 nanoribbons was devised over Graphene nanoribbons as shown in Figure
44, the MoS2 nanoribbons are placed over the Graphene nanoribbons with an angle
of 81o.
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81o

Electric field along the MoS2 nanoribbons

Graphene

nanoribbons

Figure 44: Schematic diagram of ungated MoS2 over Graphene nanoribbons inclined
at an angle of 81o

Furthermore, regarding the experimental future work, a comparative study should be
done by growing the monolayers of the Graphene and MoS2 using CVD or and
mechanical exfoliation to understand the properties of each growth method. Besides,
lithography processes to obtain nanoribbons are needed to correlate the theory with
the experimental part. In addition, the Raman measurement should be done in
ambient temperature in a dark room and the materials should be placed in a vacuum
and treated carefully as if inside of a clean room.
In addition to that, there is a need for the development of another testing method
rather than ATR to measure the sub-THz, as well as THz properties of the materials.
Also, improving the materials with an antenna or metal grating to enhance the
detection and emission of THz may result in a new era for the emerging MoS 2
material as THz emitters and detectors.
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Appendix
The figures of the plasmon dispersion and plasmon dispersion decay are presented
below for the gated Graphene and gated MoS2 as mentioned in Chapter 3.
i-

Plasmon Dispersion Figures

Figure 45: Plasmon dispersion w/2π for gated Graphene nanoribbons (H = 10 nm).
As a function of the plasma wave vector q for different values of angle θ and v =
1.32 × 1013 s-1
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Figure 46: Plasmon dispersion w/2π for gated Graphene nanoribbons (H = 20 nm).
As a function of the plasma wave vector q for different values of angle θ and v =
1.32 × 1013 s-1

Figure 47: Plasmon dispersion w/2π for gated MoS2 nanoribbons (H = 10 nm).
As a function of the plasma wave vector q for different values of angle θ and v =
6.9 × 1012 s-1
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Figure 48: Plasmon dispersion w/2π for gated MoS2 nanoribbons (H = 20 nm).
As a function of the plasma wave vector q for different values of angle θ and v =
6.9 × 1012 s-1

ii-

Plasmon Dispersion Decay Rate Figures

Figure 49: Plasmon dispersion decay y/2π for gated Graphene nanoribbons
(H = 10 nm). As a function of the plasma wave vector q for different values of
angle θ and v = 1.32 × 1013 s-1
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Figure 50: Plasmon dispersion decay y/2π for gated Graphene nanoribbons
(H = 20 nm). As a function of the plasma wave vector q for different values of
angle θ and v = 1.32 × 1013 s-1

Figure 51: Plasmon dispersion decay y/2π for gated MoS2 nanoribbons (H = 10 nm).
As a function of the plasma wave vector q for different values of angle θ and v =
6.9 × 1012 s-1
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Figure 52: Plasmon dispersion decay y/2π for gated MoS2 nanoribbons (H = 20 nm).
As a function of the plasma wave vector q for different values of angle θ and v =
6.9 × 1012 s-1
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